We experimentally examine dissolution-generated, density-driven convection with an inclined boundary in both a Hele-Shaw cell and in a porous medium. The convection, manifested by descending, dense fingers, is generated by a diffusive mixing of two liquids at the interface. We investigate the dynamics, widths, and wavelengths of the fingers and characterize the global convective transport for a wide range of permeabilities and tilt angles of the boundaries. Our results have implications for CO 2 storage in a saline aquifer when brine saturated with CO 2 produces a heavier mixture, which may result in an enhanced mass transfer by convection. Our measurements reveal a further enhancement of convection with inclined boundaries, which suggests that sloping formations provide improved sites for CO 2 storage. Convection due to a density difference in fluids is ubiquitous and, moreover, impacts energy and mass transfer in nature and industry. For instance, continental drift due to mantle convection, climate conditions in the atmosphere, and largescale circulations of the ocean currents can be attributed to density-driven motions [1] . A variety of technological applications utilize convective processes to enhance chemical reaction rates, sedimentation speeds, and heat transport [1] [2] [3] [4] . Finally, the technology of carbon capture and sequestration (CCS) recently proposed for greenhouse gas mitigation relies on dissolution-generated convection to secure the long-term storage of CO 2 in deep saline formations [5] [6] [7] .
Convection due to a density difference in fluids is ubiquitous and, moreover, impacts energy and mass transfer in nature and industry. For instance, continental drift due to mantle convection, climate conditions in the atmosphere, and largescale circulations of the ocean currents can be attributed to density-driven motions [1] . A variety of technological applications utilize convective processes to enhance chemical reaction rates, sedimentation speeds, and heat transport [1] [2] [3] [4] . Finally, the technology of carbon capture and sequestration (CCS) recently proposed for greenhouse gas mitigation relies on dissolution-generated convection to secure the long-term storage of CO 2 in deep saline formations [5] [6] [7] .
The CCS technology consists of transporting CO 2 from a source (such as power plants), purifying, pressurizing, and then storing it in the subsurface (about 1-2 km underground). Among various potential storage sites, natural deep saline formations, which are porous media saturated with brine, present a significant capacity [5] . At the reservoir conditions, CO 2 is thermodynamically supercritical, with a liquidlike density (500-800 kg/m 3 ) less dense than saline (≈1000 kg/m 3 ) [5, 8] . Thus the CO 2 is buoyant and slowly rises through porous rocks until it is confined by impermeable (cap) rocks above the saline layer. Via diffusion, CO 2 gradually dissolves into saline, such that the mixture is heavier than either fluid by approximately 1% [8] . This dense interfacial layer is gravitationally unstable and convection may set in. The convection, in contrast to the slow diffusive dissolution, significantly enhances the downward transport of CO 2 and upward motions of fresh brine. This convective process is important for the long-term storage of CO 2 because the chemical mineralization of porous rocks due to CO 2 dissolution will eventually take place [5] .
Motivated by convection in the context of CCS, several studies of the dissolution-driven convection have been recently undertaken using theory [9, 10] , simulations [11] , and experiments [12] [13] [14] [15] . The onset of convection and the dissolution rates for different permeabilities in model systems and in porous media have been reported. Most studies are carried out * Corresponding author: p.a.tsai@utwente.nl in vertical cells, but some geological formations are naturally inclined. For example, the Hontomin pilot storage site in Spain has a domelike formation with a slope close to 20
• where CO 2 will be injected at a depth about 1450 m [16] . Because of the difficulty of producing subsurface conditions of temperature and pressure, there are few experimental studies under similar conditions [17] . In this study, we carry out experiments [12, 14] and report the measurements of the dissolution rates for a wide range of permeabilities. In addition, motivated by naturally inclined geological formations [18] , we perform experiments with sloping boundaries to investigate the possibility of enhanced convection due to density-driven motions with inclined boundaries.
The experimental apparatus (see Fig. 1 ) consists of a Hele-Shaw cell of two parallel plates uniformly separated by a narrow space. The gap is controlled by a thin stainless-steel shim of thickness b, which is sandwiched by two transparent polycarbonate sheets of thickness 1.3 cm. The Hele-Shaw configuration provides a useful model for studying porous media flow because the Darcy description holds with the permeability k = b 2 /12 for small Reynolds number [20] . The size of the cell is 10.2 × 10.2 cm 2 , and different shim thicknesses b are used to examine the effect of permeability. In addition, glass beads of different diameters d (between 750 μm and 1.3 mm) packed to a depth ≈5 mm are used. The permeability for the packed beads is estimated using the Kozeny-Carman model [20] with the average d and porosity φ ≈ 0.37. Therefore, the explored range of k for the packed beads is between 3.3 × 10 −5 and 2.15 × 10 −4 cm 2 . In addition, the vertical cells are rotated at an angle α counterclockwise to investigate the influence of inclined boundaries.
We use water and propylene glycol (PPG) to replace CO 2 and brine, respectively, to produce approximately a 1% increase in the density of the mixture [14] . We initially inject denser propylene glycol (ρ PPG = 1.035 g/cc) into the bottom of the cell (to a vertical height on average about 5 cm) and then slowly inject water (ρ H 2 O = 1.000 g/cc) into the top of the cell. The liquid stratification is initially stable; however, at the interface the mixture of water and PPG creates a denser interfacial layer for water concentrations less than 50%. In general, the exact density of the mixture depends on the composition [14] . Here we used the same liquids as in Ref. [14] and thus the same liquid parameters. The temperature of the fluid cell is in equilibrium with the room temperature of the laboratory, which acts as a thermal bath, at 23 ± 0.2
• C. The dense interfacial layer due to dissolution may exhibit a gravitational instability when the diffusion layer is thick enough [9] . Here we only focus on the dynamics beyond the onset of the convection. Figures 1(b)-1(d) illustrate the evolution of the dense plumes. The density gradient sharpens the H 2 O-PPG interface, which is clearly revealed in the shadowgraph images. The time evolution of the interface provides a direct measure of the dissolution rate, thereby the convective flux [12] . As the dense plumes advect downward, more fresh surrounding fluid is brought to the interface. In the experiments, the H 2 O-PPG interface moves upward at a constant speed, V I , for a long time (≈100 mins) and finally stops when the lower liquid reservoir becomes denser due to dissolution. In other words, the dissolution eventually decelerates for a CO 2 -rich brine reservoir.
Here we characterize the maximum convective flux by measuring the constant speed of the moving interface, V I . From the captured snapshots [as shown in Figs. 1(b)-1(d) ], we use IMAGEJ software to calculate V I by performing linear fits of the displacement-time data of the interface. In detail, for each experiment, the time evolutions of ten randomly chosen interfacial locations are measured to obtain V I . The dimensionless forcing term is characterized by the DarcyRayleigh number Ra, which is similar to the Rayleigh number in thermal convection: Ra = UH/φD [21] , where H is the depth of the reservoir, φ is the porosity, D is the diffusivity, and U = kg ρ/μ is the Darcy buoyancy velocity based on the permeability k, maximum density difference ρ, gravitational The convective flux occurs in the form of descending plumes. Their dynamics is displayed in Fig. 2 , revealing a spatiotemporal diagram of the conduits of the traveling plumes close to the interface. Phenomenologically, plumes move downward due to gravity and gradually merge, as revealed in Fig. 2(a) for a vertical cell. Similarly, with inclined boundaries, plumes advect downward and merge, as shown by the coarsening patterns in Fig. 2(b) . In addition, plumes adjacent to the interface later in time move laterally toward the inclined boundaries, which enhances the large-scale convection.
Next, we quantitatively analyze the plume statistics for different permeabilities and tilt angles (Fig. 3) . In particular, the plume width δ is measured using IMAGEJ software with the shadowgraph snapshots of the plume (see the inset in Fig. 3 as an example) and for the Hele-Shaw cells we find that δ is constant, δ = 0.080 ± 0.005 cm, for the same k = 2.2 × 10 −4 cm 2 for different tilt angles: α = 0 • ,10 • , and 20
• . Physically, δ is determined by the gap of the Hele-Shaw cell (or k) [9] and thus is not affected by the inclined boundaries for the same k. In addition, the results in Fig. 3 reveal an insignificant influence of the tilt angle on the plume statistics in terms of the dimensionless ratio of the plume width to the average wavelength, δ/ λ . The general trend of δ/ λ in time consists of a rapid decay, reflecting the coarsening of the plumes, and a saturation due to eventually infrequent generation of the plumes. The results for the initial values of δ/ λ agree well with that of a linear stability analysis at the onset of convection, which predicts δ/ λ = 0.27 [9] . With a different permeability k = 1.3 × 10 −4 cm 2 the data of δ/ λ follows a similar trend, but with a slight decrease of the average plume wavelength. In short, the inclined boundaries (of the same k) do not alter the initial convective instability, but the permeability does.
In the context of CCS, the dissolution rate of CO 2 into surrounding brine in a porous medium is characterized in dimensionless terms by the Nusselt number, Nu. It is crucial to identify suitable geological saline formations, given the permeability, dimensions, and characters of the reservoir (e.g., in terms of Ra, α, etc.), by estimating Nu. We experimentally examine the Nu-Ra relation by changing k for α = 0 using both Hele-Shaw cells and porous media of packed beads. We found that in the parameter range of 10 4 Ra 10 5 , a scaling law Nu = ARa β exists, with the best fit of A = 0.037, and β = 0.84 in our experiments (see Fig. 4 ). This power law agrees well with existing experimental results of β ≈ 4/5, found in porous media of beads [12] and in similar Hele-Shaw cells with different reservoir dimensions [14] . In contrast to Rayleigh-Bernard thermal convection where several theoretical, experimental, and numerical studies have been performed [1] , the physical origin of the density-driven Nu-Ra scaling in porous media is still unclear. This advectionassisted dissolution grows less steeply with Ra than the situation of thermal convection in porous media Nu ∼ Ra, which is normally expected [12] . The Nu ∼ Ra 4/5 scaling has been suggested by a theoretical argument in which the lateral compositional diffusion between dense downward and buoyant upward plumes decrease the concentration and thus density difference, thereby decreasing the power law away from the linear scaling of Nu with Ra [12] . For the CCS applications and for various potential geological sites, using the obtained Nu-Ra relation we can estimate the relevant time scale of faster dissolution due to convection than that of the slow process due to pure diffusion. For instance, the operating Sleipner site in the North Sea has been reported with an estimated Ra ≈ 1.2 × 10 4 [22] , and our experimental finding of Nu ≈ 100 predicts that the time to convectively mix CO 2 is shortened to a time scale of ≈ 63 years, from the diffusive mixing time t d ∼ H 2 /D ≈ 6300 years. In addition, the results in Fig. 4 indicate different prefactors in the Nu-Ra scalings found in various experiments in spite of the similar exponent ≈ 4/5. This feature may imply that the Nu-Ra power law may be affected by the details of the experimental situations, such as the dependence on the aspect ratio of the cells and liquid properties. In the classical thermal or electrical convection, varying the Prandtl number and the aspect ratio of the convection cell influences the Nu-Ra scaling [23] [24] [25] [26] [27] . Here, similar mechanisms may affect the Nu-Ra scaling, via either the exponent or the prefactor; these investigations are intriguing but beyond the scope of the Rapid Communication.
To examine the influence of the inclined boundaries, we measure and compare the speed of the fluid-fluid interface V I . The inclined cells have a varying cell height H , and thus the dimensionless Nu and Ra numbers are not uniquely determined. In addition, to eliminate the enhanced transport due to the naturally increasing interfacial contact area for an inclined cell, we report in Fig. 5 the normalized dissolution speed of an inclined Hele-Shaw cell by that of a vertical one (speed V 0 ) of the same permeability. The error bars present the scatter of the results from at least three or four independent experiments. We observe that the inclined boundaries increase the propagation speed by about 20% on average compared to the counterpart of a vertical Hele-Shaw cell with α = 0
• . The data also show a steady increase in V I /V 0 for the range of tilt angle we have studied.
We suggest a mechanism for this enhancement analogous to the Boycott effect, where the sedimentation speed of heavy, suspended particles is significantly increased in a tilted tube [2] . Phenomenologically, the dense plumes in porous media of packed beads move vertically first and subsequently move along the inclined boundaries due to the component of gravitational acceleration projected along the boundaries (see the supplementary movies for Fig. 5 ). The coherent movement of plumes along the inclined boundaries creates an easier pathway for dense plumes. Then the plumes close to the liquid interface have lateral motions towards the side of the cell. The resulting plume movements appear to set up large-scale sedimentation currents, qualitatively similar to the Boycott case, where bulk convection enhances the particle sedimentation [3] .
Theoretical analysis for the convection requires further work, and a modified calculation of the Boycott situation will be insightful. For useful CCS applications, our experimental findings suggest that for a given permeability an improved choice of a geological site should have a sloping formation.
In conclusion, a Nu-Ra scaling for density-driven convection due to a dissolution in porous media is verified experimentally; the Nu ∼ Ra 4/5 scaling was observed in our experiments for 10 4 Ra 10 5 , showing that the dissolution will be increased by 85× to 585×, respectively, due to the advective process compared to the purely diffusive counterpart. Slightly beyond the onset of convection, the plume width and average wavelength are not altered by the inclined boundaries, for the same permeability. However, subsequently lateral and coherent movements of dense plumes adjacent to the liquid-liquid interface and along the inclined boundaries are observed in an inclined cell. In addition, the speed of the interfacial propagation is enhanced with inclined boundaries, which suggests that for a suitable permeability it is beneficial to choose CO 2 storage sites with sloping geological formations.
